Ni/nano-Al 2 O 3 composite coating by pulse electrodeposition method has been used for coating on cast iron liner material. The hardness has been increased from 308 HV to 1050 HV through conventional Watts bath and by applying Taguchi's optimization technique with optimum parameters of pulse frequency 120 Hz, duty cycle 40% and peak current density 0.7A/cm 2 . The lubricant's pH (4) and stirring speed (400 rpm) are the foremost parameters for increasing the hardness of the coating. Furthermore, the pulse current (PC) produces homogeneous distribution of Al 2 O 3 particles in the Ni matrices. The chemical composition, surface morphology, crystal structure, adhesion, coating thickness and the corrosion resistance of the optimized liner specimen of deposited Ni/nano-Al 2 O 3 coatings were evaluated by Optical Emission Spectrometer (OES), Scanning Electron Microscopy (SEM), X-ray diffraction (XRD), ASTM D 3359-97, Metallurgical Microscope (ASM standards) and ASTM B117-07 standards.
Introduction
Wear is an important parameter for the engine cylinder liner in an automobile. One of the best ways to reduce the wear on the liner is to increase the hardness through some wear-resistant composite coatings. Wear in most cases occurs through surface interaction at asperities and is a complex process influenced by a number of factors including the metallurgy of contacting materials, surface texture, operating conditions of the components, load, speed, temperature, environment, and lubricant formulations 1 . An increase in frictional losses causes an increase in the fuel consumption and CO 2 emissions. The most important member in the engine responsible for frictional losses is the power cylinder unit, which accounts for roughly half of the mechanical friction losses 2, 3 . Reducing friction and wear in engine and drive train components could save a country's economy by a huge sum of money 4 . V.V. Lyubimov et al. 5 stated that the service life of an internal combustion engine is strongly determined by the service life of the piston ring-cylinder pair. Furthermore, the application of antifriction coatings to surfaces of cylinder liner-piston rings is one of the possible ways to decrease the wear of piston pairs. The wear resistance of metals can be improved by the embedding of hard particles like oxides, carbides or diamond particles. The hard particles act as obstacles for the penetration of hard asperities of other materials and thus decrease the wear 6 . Therefore the characteristics of coatings are very essential in order to increase the life of automated components and also to control the environmental damage (CO 2 , noise, air pollution). Many coating techniques such as PVD, CVD, thermal spray, plasma spray, electrodepostion and magnetron sputter are currently used to improve the surface properties like hardness, friction, wear, etc. Ceramic materials, especially aluminium oxide (Al 2 O 3 ), are inherently resistant to abrasive and adhesive (scuffing) wear 7 . Nickel based composite coatings produced by pulsed electrodeposition methods are widely applied in different industrial fields due to their significant resistance to wear and corrosion at high temperatures. Moreover Al 2 O 3 particle has many superior properties, such as , good chemical stability, high microhardness and wear resistance at high temperature and low price 8 . The pulse electrodeposition provides a promising method to prepare metal matrix composites (MMCs) such as Ni-Al 2 O 3 , Ni-SiC, Ni-P-SiC, Cu-CeO 2, Ni-W and Ni-W/CNT and Ni-TiO 2
9,10
. Besides, electroplating has typically been used in the surface treatment also to increase hardness of the material via Ni-Al 2 O 3 composite materials 11 . The Taguchi method by developing a set of standard Orthogonal Arrays (OA) is a proven methodology for the analysis of results. It can extract information from experimental results more precisely and more efficiently than other approaches; also fewer number of tests are needed even when the number of parameters being investigated is quite large 12 . In this paper optimization of the pulse parameters using Taguchi's L 27 orthogonal array concept, of the Ni-nano Al 2 O 3 composite coatings over the cast iron liner specimen. The optimized liner specimen microhardness, microstructure, XRD patterns, adhesion, coating thickness and corrosion resistance were investigated using different electrochemical and microscopic techniques. 
Experimental Procedures
The cast iron rectangular cylinder liner with an area of 5x25 mm 2 was initially cut using Electronica (Pune) wire cut EDM machine. The material composition and corresponding weight percentage are given in Table 1 . The samples were cut as per required dimensions and were ultrasonically cleaned for 5 minutes in order to remove the rust and other impurities over them. A typical Watts bath with necessary composition and concentration (Table 2 ) was used for plating Ni-nano Al 2 O 3 composite coatings over the cast iron liner samples. The suspended solution was magnetically stirred initially for more than 7 hours in order to minimize the sedimentation in the electrolyte bath. Pure Nickel was used as the soluble anode whereas cast iron sample was used as cathode in the bath. Conditions such as pH 4, temperature 60 ± 2 °C and stirring speed 400 rpm were kept constant throughout the experiment. The pH of the bath was adjusted with nickel carbonate (25 wt %) and sulphuric acid (25 wt %) solution and a value of 4 was maintained throughout the experiment. Moreover the temperature and stirring speed was maintained by digital thermometer and SPINOT (Mumbai) magnetic stirrer machine. The experiments were conducted by applying Taguchi's L 27 orthogonal array technique with different combinations of pulse deposition parameters as shown in Table 3 . After the process of deposition the samples microhardness (Vickers) was measured by means of Shimadzu micro Vickers hardness tester-HMV 2T indenter with a load of 50 g for 15 s. Five measurements were recorded for each sample and the average value was taken as final hardness. The optimized microhardness value was found from the Taguchi's optimization tool and the optimized sample was characterized. The coating thickness and microstructure were found by metallurgical microscope-metscope-1. The surface morphology and composition of the coating were evaluated by QUANTA-200 scanning electron microscopy and energy dispersive x-ray spectroscopy. The adhesion test was conducted as per ASTM 5B standard. Furthermore the salt spray corrosion test -ASTM B 117-07 was conducted over the optimized specimen, the specimens were cleaned and kept in a chamber of NaCl (5.2%) solution with other conditions such as pH 6.9,temperature 33.7-35.2 °C and air pressure 103421 Pa. The solution was collected at the rate of the 1.6 ml/hr. After the tests the samples were cleaned and dried immediately.
Plan of experiments (Taguchi's techniques)
A designed experiment involves simultaneous evaluation of two or more factors (parameters) for their ability to affect the resultant average or variability of particular product or process characteristics. The factors and their levels that are considered for this study are shown in Table 3 . Three Pulse current density (A/cm 2 ) 0.6, 0.7, 0.8 ) concept. For instance, the average S/N ratio for the factor, frequency at levels 1, 2, and 3 can be obtained by calculating the mean of S/N ratios for trials 1-9, 10-18, and 19-27, respectively. The mean S/N ratio for each level of all other factors is computed in similar fashion. Here, the L 27 orthogonal array is used for experimental investigations.
Parameters identification
By changing the pulse parameters a number of experiments were conducted for perfecting the composite coatings over the specimen. Besides pulse parameters, the nature of the material and surface topography of the cast iron specimen influenced the coating's peeling off, (Figure 1 c and d) . The experiment was begun by applying frequency 10 Hz, duty cycle 10 % and current density 0.1 A/cm 2 , and it was observed that coating could not be effects (Figure 1 a) . Thin coating was observed on the sample (Figure 1 c) . Sometimes the coating could not be achieved satisfactorily on the specimen (Figure 1 b) . Figure 1 e shows the uncoated sample and 1 f depicts the strongly adhered, completely coated sample. Rarely the coating process was not successful as the coating got peeled of due to the nature, surface topography and pulse parameters. Hence the level had to be decided with utmost care and the same was finalized using trial and error basis.
Signal-to-noise ratio (S/N ratio)
The S/N calculations are based on larger the better S/N ratio, which is given by Taguchi 13 as represented in equation (1), (1) Where S/N stands for larger-the-better signal-to-noise ratio, y is the individually measured response value (experimental result), n is the number of measurements taken in one test run.
Analysis of Mean
Analysis of mean is used for identifying optimum level condition for each factor. Figure 1 shows the analysis of mean graph for microhardness of Ni/nano-Al 2 O 3 composite coatings. From the figure, it is clear that the optimal parameter setting for achieving surface microhardness is at frequency 120 Hz, duty cycle 40 % and current density 0.7 A/cm 2 .
Analysis of Variance and S/N graph
ANOVA is a statistically based, objective decision-making tool for detecting any differences in average performance of groups of items tested. The decision, rather than using pure judgment, takes variation into account. From the S/N ratio calculations as shown in Table 4 and S/N graph as shown in Figure 2 the optimum pulse parameters such as frequency 120 Hz, duty cycle 40% and current density 0.7 A/cm 2 are identified and the corresponding optimum microhardness value is 1050 HV. Moreover the Analysis of Variation (Table 5) shows the percentage contribution by individual factor such as frequency (Hz) 48.95%, duty cycle 31.17% and current density 10.11% as shown in Table 5 . From this data minimum error contribution of 2.657% was achieved by applying Taguchi's error contribution hypothesis. The interaction plot for mean S/N ratio is presented in Figure 3 . The graph clearly reveals that the result of interaction between the pulse parameters and mean S/N ratios are almost negligible.
Results and Discussion

Surface morphology and microstructural characterization
The microstructure of cast iron liner specimen is shown in Figure 4 (a, b) .The image was taken by using metallurgical microscope -Metscope-1. In Figure 4 (a) the microstructure of optimized specimen without coating as polished condition and in Figure 4 (b) cleaned specimen are shown. The etchant 4% Nital was used to remove the impurities and rust on the specimen. From figures 4 (a and b) it is clear that the microstructure consist of the graphite flakes of interdentiric segregation orientation of type D. Interdentiric segregation preferred orientation of type E is also observed in a matrix of pearlite. Moreover the phosphorus eutectics are also found in the matrix. Figure 5 depicts the microstructure of the specimen displayed. The SEM images of the composite coatings reveal that the Al 2 O 3 particles (white) are compactly embedded over the specimen. The rest of the area is occupied by Nickel (Ni). It resembles "regular pyramidal" like structure. Furthermore, Figure 6 shows the EDX analysis of the composites. The analyses were performed on the surface Figure 6 (a). From Figure 6 (b) it is clearly seen that the aluminum (AlK) and oxide (OK) contents are 1.23at% and 5.67at% respectively. The analysis reveals that oxides are the leading elements in the Ni matrix.
Adhesion strength
If a coating is to fulfill its function of protecting or decorating a substrate, it must serve so its expected service life. The ASTM-D-3359-97 (Method B -Cross-cut Tape Test) 14 was used to perform the adhesion test over the optimized liner specimen as shown in Figure 7 the classification of 5 result was produced over the specimen. Also the result clearly reveals that the edges of the cuts are completely smooth and none of the squares of the lattice is detached.
X-Ray Diffraction
The X-ray diffraction pattern of specimen after subjected to optimized pulse parameter such as frequency 120 Hz, duty cycle 40% and current density 0.7 A/cm 2 specimens is shown in Figure 8 . The Ni/nano-Al 2 O 3 composites of cast iron liner specimen exhibits face-centered cubic structure (FCC) [15] [16] [17] . The Ni-crystal plane is presented in σ (111) peak whereas the Al 2 O 3 are in δ (200) and δ (220). Also Li Chen stated that more crystal growth rate was obtained in pulse electrodeposition and this influenced the preferred orientation. 
Micro hardness
The Ni/nano-Al 2 O 3 coating does not produce any adverse effect on the base metal of the liner. The optimized microhardness results were calculated from Taguchi's optimization procedure. The specimen attained 1050 HV with the optimized pulse parameters. The hardness was greatly improved by influencing the bath conditions and pulse parameters. The stirring speed is also an important factor to increase the hardness of the specimen 18 . At 400 rpm stirring speed with different pulse parameters optimum hardness was achieved in this experiment using Taguchi's techniques. The hardness result was significantly identical with plasma sprayed technique which was used to coating over the piston ring/cylinder wall 19 . Furthermore, microhardness achieved was maximum when compared to low carbon steels and copper 10, 19, [20] [21] [22] [23] [24] [25] [26] 31 .
Coating Thickness
The coating thickness (8 µm) was measured by ASM standard with magnification 100X 27 on the cross-section of the optimized specimen as shown in Figure 9 . The thickness of the coating normally depends on pulse parameters, surface area and amount of nano-Al 2 O 3 particles in the bath 28, 29 . Furthermore Ozkan Sarikaya found that higher hardness, lower porosity and lower surface roughness can be obtained even at lower coating thickness 30 . It is clear that the particular coating thickness was achieved within the given mentioned condition.
Corrosion studies
The corrosion test was conducted over the optimized liner sample. Salt spry test ASTM B 117-07 was used to calculate the corrosion status. The salt spray test has been widely used for process qualification and quality acceptance. It is applicable to metals/alloys and their coatings 31 . At 70 th hr the 'red rust' was appeared over the sample as shown in figure 10 . The corrosion status was checked periodically from the beginning At 7 th hr, no corrosion appeared over the sample, further at 28, 42, 63, hrs no corrosion for experiment appeared on the sample while at 70 th hr the corrosion appeared on the sample. Compared to low carbon steel or mild steel, the cast iron material with less coating thickness takes more time for getting corroded 32 .
Confirmation test
Confirmation test is final step in the Taguchi's optimization technique. This test was verified the value previously obtained on the experiments show the closer results to that of original values. The optimized pulse parameters such as frequency 120 Hz, duty cycle 40% and current density 0.7 A/cm 2 were again used to conduct the confirmation test. The microhardness was 1116.8 HV and the corresponding signalto-noise ratio (S/N Ratio) was 60.96. From the confirmation test it is observed that the results of hardness and S/N ratios are improved within the confidence level. 
Conclusions
The electrodeposition of Ni-nano Al 2 O 3 composite coating was effected in a watts bath and applying Taguchi's L 27 orthogonal array concept. The following conclusions are made:
• The electrodeposition of Ni-nano Al 2 O 3 composite coatings produced maximum microhardness (1050HV), uniform microstructure and preferred orientation (111) at the optimum pulse parameters of frequency 120 Hz, duty cycle 40% and current density 0.7 A/cm 2 . Also the stirring speed 400 rpm and pH 4 were the foremost parameters to increase the hardness of the coatings. Furthermore the specimen exhibited good adhesion strength (5B) and took long time (70h) to get corroded, complying with ASTM standards.
• Frequency is foremost (48.95%) parameter in increasing the hardness of liner, current density's contribution in increasing the hardness (10.11%) is minimum.
•
The stirring speed 400 rpm is the optimum value for these experiments which is used to increase the hardness of the coatings and achieve more bonding strength between metal and coating. • Scanning electron microscope (SEM) clearly depicts, the Ni-nano Al 2 O 3 composites being evenly dispersed over the optimized specimen. The structure of the coating is 'amla seed' like structure. The degree of adhesion of the coatings corresponds to '5B' results of the ASTM D3359-97 standard.
• Coating thickness (8 µm) was achieved on the optimized specimen. The X-ray diffraction pattern (XRD) shows the orientation of (111) (200) (220) plane which is similar in the available literature.
The EDX analysis confirmed that the composites of (AlK) and (OK) were compactly embedded in the Ni matrix. The composites are well adhered on the specimen followed by the ASTM D3359-97 standards.
The corrosion status was determined on the optimized specimen. The specimen was withstanding the corrosion resistance up to 70 hrs.
